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The radiative neutron capture rates for isotopes of astrophysical interest are commonly calculated on 
the basis of the statistical Hauser Feshbach (HF) reaction model, leading to smooth and monotonically 
varying temperature-dependent Maxwellian-averaged cross sections (MACS). The HF approximation is 
known to be valid if the number of resonances in the compound system is relatively high. However, such 
a condition is hardly fulﬁlled for keV neutrons captured on light or exotic neutron-rich nuclei. For this 
reason, a different procedure is proposed here, based on the generation of statistical resonances. This 
novel technique, called the “High Fidelity Resonance” (HFR) method is shown to provide similar results 
as the HF approach for nuclei with a high level density but to deviate and be more realistic than HF 
predictions for light and neutron-rich nuclei or at relatively low sub-keV energies. The MACS derived 
with the HFR method are systematically compared with the traditional HF calculations for some 3300 
neutron-rich nuclei and shown to give rise to signiﬁcantly larger predictions with respect to the HF 
approach at energies of astrophysical relevance. For this reason, the HF approach should not be applied 
to light or neutron-rich nuclei. The Doppler broadening of the generated resonances is also studied and 
found to have a negligible impact on the calculated MACS.
© 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
Nuclear reactions of astrophysical interest often concern unsta-
ble or even exotic species for which no experimental data exist. 
Although signiﬁcant efforts have been devoted in the past decades, 
experimental information only covers a minute fraction of the en-
tire data set required for nuclear astrophysics. Moreover, the en-
ergy range for which experimental data is available is restricted 
to the small range that can be studied by present experimen-
tal setups. For all unknown cases, only theoretical predictions can 
ﬁll the gaps. One of these speciﬁc examples concerns the rapid 
neutron-capture process (r-process) called for to explain the origin 
of about half of the elements heavier than iron observed in na-
ture (for a review, see [1]). The r-process is believed to take place 
in environments characterized by high neutron densities, such that 
successive neutron captures can proceed into neutron-rich regions 
well off the β-stability valley. It involves a large number (typically 
ﬁve thousands) of unstable nuclei for which many different proper-
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SCOAP3.ties have to be determined and cannot be obtained experimentally. 
One of such fundamental properties concern the radiative neutron 
capture reaction.
The radiative neutron capture is traditionally estimated within 
the statistical Hauser–Feshbach model [2,3]. The model makes the 
fundamental assumption that the capture process takes place with 
the intermediary formation of a compound nucleus (CN) in ther-
modynamic equilibrium. The energy of the incident particle is 
then shared more or less uniformly by all the nucleons before re-
leasing the energy by particle emission or γ -de-excitation. In the 
Hauser–Feshbach approach, the formation of a CN is usually justi-
ﬁed by assuming that the nuclear level density (NLD) in the CN at 
the projectile incident energy is large enough to ensure an aver-
age statistical continuum superposition of available resonances [4]. 
For medium- and heavy-mass nuclei lying within the valley of 
β-stability, the CN capture at energies of astrophysical interest is 
known to be the dominant reaction mechanism [1,3,4].
Three main ingredients of the CN determine the characteristics 
of the capture rates in the HF model: the NLD, the particle optical 
models and the γ -strength function. For low energy neutrons, in 
the keV region, the most important HF ingredients remain the NLD 
and the γ -strength function, since the radiative cross section is not le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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where Tn and Tγ are the neutron and electromagnetic transmis-
sion coeﬃcients for a given level of spin J and parity π in the 
CN. For keV neutrons, we indeed have Tn( Jπ )  Tγ ( Jπ ), so that 
the radiative cross section essentially depends on the electromag-
netic transmission coeﬃcient, hence on the NLD and γ -strength 
function.
For each of these nuclear inputs, different models exist, lead-
ing to variation in the prediction of the cross section. The nuclear 
reaction code TALYS [5] includes the HF mechanism and for its cal-
culation different phenomenological or semi-microscopic models 
for NLD [6–8], γ -strength functions [9–12] and optical potentials 
[13,14].
However, when the number of available states in CN is rela-
tively small, the assumption of the formation of a CN in ther-
modynamic equilibrium is hardly fulﬁlled. Individual resonances 
may still lead to a resonance capture and if none is available, the 
capture reaction is possibly dominated by direct electromagnetic 
transitions to a bound ﬁnal state, the so-called direct capture pro-
cess [15–20]. It is now well accepted that the CN process is not 
the proper reaction mechanism at the very low energies of astro-
physical interest for light or exotic nuclei systems for which few, 
or even no resonant states are available. In particular, it was shown 
that the HF model is not valid for light nuclei with mass number 
A < 26 and lead to signiﬁcant different predictions with respect to 
the direct capture model calculations for exotic neutron-rich nuclei 
[20].
In the present study, a different approach is taken to free us 
from the assumptions linked to the formation of a equilibrated CN 
in the HF approximation. It was shown that average parameters 
from statistical models can be used to produce statistical resolved 
resonances [21]. This “High Fidelity Resonance” (HFR) method is 
considered in the present study and summarized in Sect. 2 where 
results on light and heavy stable nuclei are also discussed in the 
light of existing data. In Sect. 3, this HFR model is applied to exotic 
neutron-rich nuclei and shown to impact the Maxwellian-averaged 
cross sections (MACS) of astrophysical interest.
2. The HFR model
The HFR approach uses average parameters from statistical 
models in the continuum to produce statistical resolved resonances 
in the resonance range. Based on unresolved resonance parameters 
and the random ladder method, average parameters such as the 
scattering radius, level spacing, reduced neutron width and the ra-
diative width are used to create resolved resonances from thermal 
energy up to the ﬁrst excited level. The radiative capture cross sec-
tion is then estimated (for each orbital angular momentum l and 
spin j of the resonance state) based on such energy-dependent 
statistical parameters [22,23]. More speciﬁcally, ladders of reso-
nances for a given (l, j) sequence can be generated for an incident 
neutron energy by randomly selecting a starting resonance energy 
and a set of widths for that resonance using the appropriate av-
erage widths and χ2 distribution functions. The next resonance 
energy is selected by sampling from the Wigner distribution for 
resonance spacings and also from the average widths. This process 
is performed for a given long ladder of resonances for a given (l, j) 
and is repeated for other (l, j) sequences. In the current imple-
mentation of the HFR method, resonance energies are generated 
using a Gaussian Orthogonal Ensemble random matrix [21,24]. The HFR model is also at the basis of the widely used TENDL nu-
clear data library in the resonance range [5]. More details on the 
HFR model can be found in Ref. [21]. It should be emphasized 
here that in order to reduce the strong sensitivity of the reso-
nance properties with respect to the random generation process, 
especially for low-NLD nuclei, about 200 random calculations are 
performed and the ﬁnal MACS deduced taking the median value, 
including the estimate of the dispersion from the median abso-
lute deviation (MAD). A sensitivity study shows that considering 
a larger number of random calculations does not change the re-
sults.
The cross sections consistent with the average statistical pa-
rameters are the elastic, capture, inelastic and ﬁssion cross sec-
tions. These pointwise cross sections are valid up to an arbi-
trary energy limit, essentially below the opening of the ﬁrst in-
elastic channel. Below this energy limit the average parameters 
can be converted into statistical resonance structures. This en-
ergy limit can be arbitrary chosen, but in practice, it deﬁnes the 
number of resolved resonances and should therefore not be too 
high. In the present study, the HFR MACS is limited to an energy 
kT = 200 keV, corresponding to a mean incident neutron energy 
of about 170 keV. Note that the MACS calculated in the present 
study includes the target in its ground state only, and not the 
contribution from the thermally populated excited states, in order 
to compare with existing experimental data. For the same rea-
son, we do not consider at this stage the temperature effect on 
the resonance width that can be expected at the high tempera-
tures found in astrophysical environments. This Doppler effect that 
broadens resonances and may affect the MACS will be discussed in 
Sect. 4.
As far as the nuclear inputs are concerned, we restrict ourselves 
here to use the back-shifted Fermi gas model [6] for the NLD, the 
Quasi-Random Phase Approximation (QRPA) calculation for the E1
strength function [10] and the Koning–Delaroche phenomenologi-
cal optical potential of Ref. [13], which provides among the best 
TALYS global option to estimate the 30 keV experimental MACS 
[25]. Both the HF and HFR calculations make use of the same nu-
clear model inputs.
The HFR method is expected to give rise to similar capture rates 
as HF when a large number of resonances exists at the consid-
ered incident neutron energy. As shown in Fig. 1, the MACS for 
both 118Sn and 187Re calculated within the HF or HFR approaches 
are rather identical. The number of resonances in the keV region 
is very large, as shown in the insert of Fig. 1, so that the HF 
approximation of an overlap of large number of resonances is ful-
ﬁlled.
However, when applying the statistical HF model to light nuclei, 
(i.e. integrating over a statistical level density instead of summing 
up over individual levels), HFR calculations may lead to quite dif-
ferent predictions, as shown in Fig. 2. In the HF approach, a low 
level density in the CN may lead to an overestimate of the actual 
cross section if no resonance is present or an underestimate if in-
dividual resonances happened to be located in the speciﬁc energy 
region of interest. As illustrated in Fig. 2 for 4 light nuclei, although 
at energies above a few tens of keV both HFR and HF predictions 
become rather similar (as for heavier nuclei with a high NLD), at 
lower energies, the energy dependence of the HFR MACS differ sig-
niﬁcantly from the HF predictions. In this case, it can be seen that 
the MACS is dominated by a few resonances only (see the inserts 
in Fig. 2), leading to a MACS much lower than in the HF approxi-
mation.
Clearly, the exact location of the resonances strongly affects the 
MACS and for this reason the MAD dispersion around the HFR me-
dian is rather large (and signiﬁcantly larger than for heavy targets, 
as seen in Fig. 1). As an attempt to quantify the limitation of the 
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ing the high sensitivity of the MACS with respect to the position 
of random individual resonances. This deviation is inherent to the 
HFR approach and to the diﬃculty to estimate the location of in-
dividual resonances on the basis of a statistical approach. This is 
an obvious limitation of the model, and only more microscopic ap-
proaches, such as the shell model, could provide in the future such 
information with the required accuracy.
We also show in Fig. 2 the MACS estimate based on experimen-
tally known resonances and used in the JEFF-3.2 library [26], which 
are ultimately used to estimate the reaction cross section when 
direct measurements are available. In this case, an accurate de-
scription of the MACS can be obtained. The theoretical resonances 
predicted in the HFR approach are seen to give rise to a rather 
similar energy dependence of the MACS as in the case where ex-
perimental resonances are adopted. Below typically 1 keV, the HF 
predictions are seen to overestimate the MACS by a few orders of 
magnitude.
Fig. 1. Comparison between the MACS calculations for the HF and HFR for two heavy 
nuclei 118Sn and 187Re as a function of the thermal energy kT . The insert in the up-
per panel illustrates the HFR resonant capture cross section (in arbitrary units) as a 
function of the neutron incident energy (in keV). Experimental data from the KADO-
NIS library [25] are also shown. The shaded area around the HFR MACS corresponds 
to the MAD dispersion.3. Application to the neutron-rich nuclei
When dealing with exotic neutron-rich nuclei, the neutron sep-
aration energy becomes so small that, similarly to light nuclei, it 
can be expected that the radiative neutron capture is dominated 
by a few resonances only and that HFR predictions may differ 
from the HF ones. We show in Fig. 3 the MACS for Sn isotopes 
between stable ones and the neutron drip line. The same nuclear 
input as described in Sect. 2 is considered for neutron-rich nuclei 
with the additional use of theoretical masses from the Hartree–
Fock–Bogoliubov model HFB-24 [27] when no experimental data 
is available. While for the stable 118Sn, the HF approximation is 
in rather good agreement with the HFR approach, as already dis-
cussed in Sect. 2, signiﬁcant deviations are found when considering 
more neutron-rich Sn targets. The HFR energy dependence of the 
MACS is now similar to the one found in light nuclei (see in par-
Fig. 3. Comparison between HFR and HF MACS for Sn isotopes ranging between 
110Sn and the neutron-rich 158Sn.Fig. 2. Same as Fig. 1 for 4 light nuclei: 24Mg, 27Al, 28Si and 32S. The dotted black curve labeled JEFF-3.2 [26] represents the MACS estimate on the basis of experimentally 
available resonances.
112 D. Rochman et al. / Physics Letters B 764 (2017) 109–113Fig. 4. Color coded representation in the (N , Z ) plane for the ratios of the HFR over 
the HF MACS at 30 keV for about 3300 nuclei between Li and Bi lying between 
the valley of β-stability and the neutron drip line. (For interpretation of the refer-
ences to color in this ﬁgure legend, the reader is referred to the web version of this 
article.)
ticular Fig. 2). At low energies, below a few keVs, the MACS is by 
far smaller than the HF predictions. However, above that thresh-
old, the HFR approach gives a larger MACS with respect to HF. This 
means that even when the NLD increases, the statistical HFR ap-
proach predicts a higher resonant capture than the HF model. This 
effect is seen in Fig. 4 to be systematic in the whole nuclear chart 
(with a small exception for very light nuclei below Ne), at least at 
the thermal energy of kT = 30 keV. The HFR MACS may be larger 
than the HF by a factor up to a thousand for drip line nuclei. In 
the case of 158Sn with a neutron separation energy estimated with 
the HFB-24 mass model of Sn = 54 keV, the NLD is so small that 
the HF MACS is negligible, while HFR predicts the presence of rare 
resonances leading to a MACS about 300 times larger at 30 keV. 
This HFR-to-HF ratio of the MACS decreases with increasing tem-
peratures and is also found to be smaller for neutron captures on 
odd-N nuclei for which the neutron separation energy, hence the 
NLD, is larger than in even-N nuclei.
4. Impact of the Doppler broadening
As discussed above, the high temperatures found in astrophys-
ical environment affect the resonances by widening them through 
the Doppler effect. In the previous sections, this Doppler broaden-
ing has been neglected for a proper comparison with experimental 
data. The impact of this temperature effect on the MACS of a light 
nucleus 24Mg and a neutron-rich nucleus 138Sn is illustrated in 
Fig. 5 and seen to be rather negligible despite its non-negligible 
impact on the resonance structure, hence the pointwise radiative 
neutron capture cross section (as shown in the insert of Fig. 5). 
Similar results are found for the other stable, neutron-rich, light or 
heavy nuclei, so that the Doppler broadening effect on the MACS 
in the keV region can be safely neglected.
5. Conclusions
The radiative neutron capture rates for isotopes of astrophysical 
interest are commonly calculated on the basis of the HF reaction 
model, leading to smooth and monotonically varying MACS as a 
function of the temperature. The HF approximation is known to Fig. 5. Comparison between the HFR MACS obtained with or without Doppler broad-
ening effect, consistently at each temperature, for 138Sn (upper panel) and 24Mg 
(lower panel). The insert illustrates the impact of the Doppler broadening effect at 
a temperature of T = 3.5 108 K (i.e. kT = 30 keV) on HFR cross section (in arbitrary 
units) as a function of the neutron incident energy (in keV).
be valid if the number of resonances in the compound system is 
relatively high. However, such a condition is hardly fulﬁlled for 
keV neutrons captured on light or exotic neutron-rich nuclei. For 
this reason, a new, so-called HFR, method is proposed. This novel 
and more realistic technique based on the generation of statistical 
resonances provides similar results as the HF approach for nuclei 
with a high NLD but deviates from HF predictions for light and 
neutron-rich nuclei as well as at relatively low sub-keV energies. 
In the keV–MeV energy region of astrophysical interest, the HFR 
model is found to lead to higher MACS by a factor up to a few 
hundreds with respect to the commonly used HF approximation. 
The HFR approach is also seen not to be signiﬁcantly affected by 
the Doppler broadening effect on resonances.
To avoid the statistical nature of the HFR approach, it is also 
recommended to determine in the future the resonance properties 
within more microscopic methods, such as the shell model; such 
models remain however to be developed for the thousands of nu-
clei of astrophysical interest. It should also be kept in mind that 
the neutron capture on light and exotic neutron-rich nuclei may 
also proceed though the direct mechanism that still need to be 
compared to the HFR contribution. Finally, the effects of other nu-
clear inputs should be studied to estimate the sensitivity of the 
HFR approach with respect, in particular, to nuclear level densities 
and γ -ray strength functions.
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